Parental care for is critical for offspring survival in many species. However, parental behaviors 30 have been lost in roughly 1% of avian species known as the obligate brood parasites. To shed 31 light on molecular and neurobiological mechanisms mediating brood parasitic behavior, brain 32 gene expression patterns between two brood parasitic species and one closely related non-33 parasitic Icterid (blackbird) species were compared. Our analyses focused on gene expression 34 changes specifically in the preoptic area (POA), a brain region known to play a critical role in 35 maternal behavior across vertebrates. Using comparative transcriptomic approaches, we 36 identified gene expression patterns associated with brood parasitism and evaluated two 37 alternative explanations for the evolution of brood parasitism: reduced expression of parental-38 related genes in the POA versus retention of juvenile (neotenic) 
49

Introduction 50
Parental care is an ancient social behavior that has evolved repeatedly and 51 independently across taxa, likely because it increases offspring survival in the face of external 52 pressures such as high predation or unpredictable access to resources (1) (2) (3) . While parental 53 care improves offspring survival it comes at a cost to the individuals providing the care (1, 4) . 54
The costs and benefits of performing parental care likely contributed to the evolution of widely 55 varied forms of parental care within and between taxa, as well as between individuals and sexes 56 (1, 5) . Diversity in parental care strategies across the animal kingdom presents possibilities to 57 explore the underlying genetic architecture of this behavior. While remarkable divergence in the 58 magnitude of parental care within and between species provides fertile ground to study this 59 behavior, animals that use an evolutionarily derived parental care strategy, rather than a 60 strategy that is ancestral to their group, are particularly intriguing and may provide unique 61 insight into the genetic architecture of parental care. 62
Hochberg procedures were used as the FDR correction. All sequences for these genes were 288 derived from the transcriptome assembly described above. 289 290
Results 291 (a)Prolactin treatment of brood parasites 292
Prolactin assay kits were validated by diluting a sample with unknown prolactin 293 concentrations into three concentrations. The slope of the line from the dilution test was 294 compared to the slope of the line of the standard curve to assess parallelism between the 295 slopes as described in Lynch and Wilczysnki (37) . The slope of the line for the serially diluted 296 prolactin samples was −9.6, and the slope of the line for the prolactin standard curve provided 297 by the manufacturer was −11. 298
Osmotic pumps were effective at elevating circulating prolactin levels in treated females 299 compared to blank implanted females of both species (t 19 = 2.48; p = 0.02.). However, only three 300 transcripts differed between treated and untreated bronzed cowbirds and only a single transcript 301 differed between treated and untreated brown-headed cowbirds. Thus, very few transcriptome 302 differences occurred due to prolactin treatments. Given the lack of differences in POA gene 303 expression following prolactin treatment, we combined treated and untreated birds in all further 304 analyses. 305
(b)Gene expression differences associated with brood-parasitism 307
We received 498 million 100-bp paired-end reads that passed the HiSeq quality filter, 308 averaging 12 million reads per sample. We filtered the species-specific transcriptome to 309 generate assemblies containing only the 12,237 transcripts orthologous across all species 310 (brown-headed N = 14; bronzed N = 17; red-winged blackbirds N = 4). To identify transcripts 311 whose expression patterns were associated with parasitic versus non-parasitic behavior, we 312 conducted pairwise differential gene expression (DE) analysis among our three focal species. 313
There were 119 differentially expressed transcripts between brown-headed cowbirds and red-314 winged blackbirds, 634 differentially expressed transcripts between bronzed cowbirds and red-315 winged blackbirds, and 112 differentially expressed transcripts between bronzed and brown-316 headed cowbirds ( Fig. 2 ; see S2 for complete list of DE genes). Of the transcripts differentially 317 expressed between parasites and red-winged blackbirds, 82 were overlapping between bronzed 318 and brown-headed cowbirds. Of these shared differentially epxressed transcripts, 81 showed 319 expression changes in the same direction in both parasites as compared to red-winged 320 blackbirds. We refer to these transcripts as concordantly differentially expressed (CDE; Fig. 2 ; 321 11 listed in table S2). Shared changes in CDE genes in both parasitic cowbirds species as 322 compared to non-parasitic red-winged blackbirds, suggest expression differences are most 323 likely associated with the evolution of parasitic behavior. 324 We performed GO-term enrichment analysis for all comparisons and for the list of CDE 325 genes (Table S3) To address these alternative explanations we (1) examined the direction of divergence in 335 differentially expressed transcripts between cowbirds and red-winged blackbirds, and (2) asked 336 whether expression changes between cowbirds and red-winged blackbird adults reflected those 337 between juvenile and adult red-winged blackbirds. 338
Overall, gene expression differences between parasites and red-winged blackbirds were 339 biased toward increased expression in cowbirds relative to blackbirds: in brown-headed 340 cowbirds 71% (85/119) of differentially expressed transcripts increased expression relative to 341 red-winged-blackbirds, and in bronzed cowbirds 63% (400/634) of differentially expressed 342 transcripts increased expression relative to red-winged-blackbirds. Of the CDE transcripts, 78% 343 (63/81) increased expression in both cowbirds relative to red-winged blackbirds (Fig 2) . 344
To address the idea of juvenile-like gene expression associated with a loss of maternal 345 care, we additionally sampled red-winged juvenile blackbirds (N=5) and estimated transcript 346 abundance to map to the red-winged blackbird ortholog assembly. We first compared POA 347 gene-expression in red-winged blackbird juveniles and adults. We found only 16 genes that 348 were significantly differentially expressed between red-winged blackbird juveniles and adults 349 (Table S4) . While there were few significant expression differences, we were nonetheless able 350 to use the direction of expression differences in juveniles versus adults to examine whether 351 expression differences in cowbirds were more juvenile-like (neotenic) or adult-like. To do so, we 352 compared the direction of gene expression changes (i.e. up or down regulation) in parasitic 353 cowbirds and juvenile red-winged blackbirds as compared to adult red-winged blackbirds. When 354 differences between parasites and juveniles were in the same direction (i.e. both up-regulated 355 or down-regulated as compared to adult non-parasites) we considered transcripts as exhibiting 356 juvenile-like expression (Fig. 3A) . Conversely, when differences between parasites and 357 juveniles were in opposite directions we considered transcripts as exhibiting adult-like 358 expression (Fig. 3A) . We performed this comparison only for CDE transcripts, as these 359 represent the set of genes most likely involved in the transition to parasitic behavior. 360
Of those transcripts DE between bronzed cowbirds and adult red-winged blackbird, 74% 361
showed juvenile-like expression in the parasitic species. Similarly, 76% of genes DE between 362 brown-headed cowbirds and adult red-winged blackbirds showed juvenile-like expression in the 363 parasite. Finally, for the transcripts CDE among bronzed and brown-headed cowbirds, 78% 364
showed juvenile-like expression in the cowbirds (Fig. 3B) . In brief, expression differences 365 between parasitic cowbirds and adult red-winged blackbirds largely exhibited juvenile-like 366 expression patterns in parasitic species. 367
(d)Identification of candidate genes 369
The induction of maternal care in new mothers is associated with structural and 370 functional plasticity throughout the brain (53). Therefore, we used our lists of DE genes to 371 identify candidate genes previously demonstrated as involved in both types of plasticity. We 372 identified 38 genes with established roles in functional and structural plasticity. Twelve genes 373 with demonstrable roles in social and parental behavior appear in figure 4. Supplemental The evolution of avian brood parasitism provides fertile ground for the investigation of 398 mechanisms mediating parental care and its loss within a powerful, comparative framework. 399
Here, we provide the first insights into the transcriptional mechanisms associated with the 400 evolutionary transition from maternal care to brood parasitism in Icterids (blackbirds). While 401 behavioral ecologists have provided excellent explanations for the evolution of brood parasitism, 402 this study is the first to address the neurobiological and molecular basis for the loss of maternal 403 behaviors in avian brood parasites. 404
While there are many reasons that genes may be differentially expressed among 405 species, the close phylogenetic relationship, similar ecology, and highly conserved function of 406 the POA implicate those differentially expressed genes with similar expression patterns across 407 brood parasites as those most likely related to the loss of parental care. We therefore identified 408 transcripts that showed significant expression changes in the same direction in both parasitic 409 cowbirds species as compared to non-parasitic red-winged blackbirds (i.e. transcripts that were 410 concordantly differentially expressed; CDE). We identified 81 CDE transcripts, which we 411 suggest represents the set of transcripts whose expression changes in the POA are the most 412 likely contributors to brood parasitic behavior, and therefore provide excellent candidates for 413 future work in avian and other vertebrate systems. Indeed, the evolution of brood parasitism in 414 the cowbirds present in the Americas represents only one of several independent evolutions of 415 brood parasitism in birds. Broader phylogenetic comparisons across genera will determine 416 whether CDE transcripts identified here are implicated in convergent losses of parental care 417 across Passeriformes. Investigating this set of genes across these genera within Passeriformes 418 in future will provide insight into mechanisms of convergent behavioral evolution. While some candidate genes we identified have been in the spotlight for some time, the 494 bulk of these studies focus on adults. Novel behavioral phenotypes, however, may be related to 495 the ways in which these peptides shape neural circuits and influence social processes during 496 development. Therefore, it is also possible that the higher mRNA expression seen in our study is 497 a component of the neotenic brain as it is the case that experience-dependent brain plasticity is 498 elevated during juvenile critical periods and declines into adulthood (74-76). In songbirds, this 499 has been termed the constitutive plasticity hypothesis which was proposed to address gene 500 patterns during song recognition in songbirds (76). According to this hypothesis, heightened 501 information storage during critical developmental periods is associated with sustained gene 502 expression which may enhance sensitivity to song tutoring, whereas gene expression becomes 503 suppressed in adults and is only induced when the adult bird experiences a salient social 504 stimulus (76). Consequently, it is possible there may be a transferal from "constitutive plasticity" 505 in juveniles to "regulated plasticity" in adults (76), as has been proposed to explain song 506 learning in birds (74). Indeed, in some cases, these critical developmental periods with elevated 507 neural plasticity are mirrored by elevated mRNA expression patterns. For instance, heightened 508 mRNA expression in juveniles compared to adults occurs in structural and neuromodulatory 509 genes including microtubule associated protein 7, synucleins (78), and insulin growth factor I 510 (IGF-1; 79), and corticotropin-releasing hormone (CRH; 80). Moreover, binding to oxytocin and 511 vasopressin receptors is higher in juvenile compared to adult rats in a region-specific manner 512 (81). Thus, modification of neuromodulatory activity and structural plasticity across development 513 provides a potential mechanism for the evolution of novel social behaviors across taxa. 514
Targeted analysis of candidate genes in other key hypothalamic regions reveals that the 515 differential gene expression within the POA is not specific to this region. Four candidate genes 516 including, mesotocin, AVT, galanin and prostaglandin synthase were examined within four 517 additional hypothalamic brain regions that were pooled as a single sample. Three of the four 518 genes were differentially expressed in these additional hypothalamic regions at the 0.05 level; 519 the exception being prostaglandin synthase (p = 0.059). Moreover, three of the four genes 520 brown-headed cowbirds, than in red-winged blackbirds (Fig. S1) . Thus, prolactin receptor 546 transcript abundance reported here reflects the pattern of prolactin receptor protein reported by 547 Ball, 1991 (20) . Future studies will investigate prolactin and non-prolactin treatments in parasitic 548 and non-parasitic birds to determine if prolactin receptor downregulation in the POA serves as 549 the gateway to prolactin transcriptional insensitivity in this brain region. 550
Our results provide novel contributions to our understanding neurobiological-basis of 551 brood parasitism. We identify a set of CDE genes that may be conserved across brood parasitic 552 species of different lineages and may underlie transition to the brood parasitic lifestyle in 553 multiple lineages of parasites. In addition, we demonstrate largely neotenic patterns of gene 554 expression in these CDE genes. Finally, neotenic expression patterns extend to candidate 555 genes underlying neuromodulation, structural plasticity, and maternal behavior. Together, these 556 results provide a solid foundation for future investigations of neural mechanisms mediating the 557 emergence of brood parasitism and the evolution of novel social behavioral phenotypes across 558 overlap. The number of genes closer to a given species indicates those transcripts that were 834 significantly upregulated in that species. 81 transcripts were concordantly differentially 835 expressed in parasitic cowbirds, meaning they were significantly differentially expressed in the 836 same direction in both parasitic species as compared to non-parasitic red-winged blackbird 837 adults, suggesting these genes are those most likely to be involved in the evolution of brood 838 parasitism. 839 
